ABSTRACT In the past few years, ternary polymer solar cells (PSCs) have emerged as a promising structure to simultaneously improve all solar cell parameters compared with traditional binary PSCs. The third component in ternary PSCs can play versatile functions to enhance the device performance. In this review, we summarize the design rules for fabricating high-performance ternary PSCs and introduce the recent progress in this field. In addition, the characterization methods for determining the role of the third component played in ternary PSCs are described.
INTRODUCTION
Due to increasing consumption of unsustainable fossil fuels and the urgency of looking for the environmentally friendly and renewable energy, solar energy as the most ideal fuel becomes the hottest research area [1] . For low-cost, lightweight, and the capability to fabricate flexible large-area devices to convert sunlight to electricity, polymer solar cells (PSCs) have been hailed as one of the most promising technologies to utilize solar energy [2, 3] .
Since the bulk heterojunction (BHJ) concept was reported in 1995 [4] , two-component blend had been predominant as the active layer of PSCs. It solved a critical issue in bilayer organic photovoltaic solar cells, such as to extend interfacial area between the donor material and the acceptor material, for an efficient charge separation than Tang's bilayer-based devices [5] . Now single junction device based on binary components has reached beyond 11% power conversion efficiency (PCE) [6, 7] . However, further improvement of the performance of single-junction PSCs is limited by the insufficient photon harvesting of active layers due to the relatively narrow absorption window (a few hundreds nanometer) of organic semiconductors [8] .
Furthermore, another limitation recognized by Shockley and Queisser showed the trade-off between photocurrent and photovoltage in single-junction PSCs, with the efficiency of broad spectrum absorbers being reduced by the thermalization of above-bandgap excitations, named as thermalization loss [9] . Efficient strategies for further increasing the PCE of PSCs should rely on full utilization of solar light in a broad coverage and circumventing the Shockley-Queisser limit in standard single-junction devices. Compared with the single-junction PSCs, tandem solar cells cannot only improve light absorption but also reduce thermalization loss of photonic energy by stacking two or more sub-cells with complementary absorption bands, harvesting high and low energy photons in the separated sub-cells [10] [11] [12] [13] . However, the fabrication process of tandem solar cells is complicate, leading to an increased cost and a decreased yield, which is in contrast to the attractive simplicity of the single-step solution processing for inexpensive solar cells. In recent years, ternary blend PSCs have been explored as an effective strategy to extend light absorption and improve light harvesting, resulting in higher short circuit current densities (J sc ) and higher PCE in a single junction [14, 15] . This strategy integrates both the enhanced photon harvesting by incorporating multiple organic materials like in tandem solar cells and simplicity of fabrication process used in single-junction solar cells.
Up to now, several excellent reviews have summarized the progress in ternary solar cells based on their unique insights [8, [15] [16] [17] [18] [19] [20] . So in this article we present a review mainly focused on the newly reported work concerning about ternary blend PSCs. Here, we confine the third component to organic semiconductors. Although other materials such as carbon nanotubes, metal nanoparticles, quantum dots, surfactants, etc. can also serve as the third com-ponent to enhance the device performance, they are beyond the scope of this review. As the third component usually played versatile functions in the active layer with different donor:acceptor (D:A) systems, we also briefly introduce the methods used to distinguish which kind of mechanism is responsible for improving the device performance in ternary PSCs. In the first part, we will discuss the design rules of ternary blend PSCs. Then, we present and discuss the main types of ternary blend PSCs reported in recent years. After that, the characterization methods for determining the role of the third component played in PSCs are described. Finally, the possible research direction in the near future has been discussed.
DESIGN RULES OF TERNARY BLEND PSCs
The third component plays a very important role in achieving high-efficiency ternary blend PSCs. In this part, we will discuss the fundamental design rules for ternary blend PSCs in terms of light absorption, morphology, charge transfer and charge transport.
To extend or enhance the absorption spectra of active layer In most systems of PSCs, the vast majority of the photocurrent is attributed to the absorption of the donor materials.
When another electron donor or acceptor material was added in a traditional binary system to form a typical ternary blend PSCs, this third component was often chosen to have complementary absorption with respect to that of the reference device. As a result, light absorption can be extended for better matching with the solar spectrum to increase the short circuit density. For example, Koppe et al. [21] extended the spectroscopic response of a poly(3-hexylthiophene)/ [6, 6] -phenyl-C 61 -butyric acid methyl ester (P3HT/PCBM)-based BHJ solar cell into the near infrared region (NIR) of the spectrum by incorporating the low bandgap polymer poly [2,6-(4,4- 
[PCPDTBT] into the blend. The PCE can be improved from 2.5% (the binary system) to 2.8% (the ternary system). Before 2012, most of the researchers work on the ternary solar cells based on P3HT as the dominating donor. Although the device efficiency could be enhanced in ternary PSCs based on P3HT with various dopants, the overall performance of the corresponding ternary devices is still limited by the relatively poor performance of the binary (e.g., P3HT:PCBM) reference cells. It should also be noted that the dopants best suited to a P3HT system cannot be directly applied to high-performance donor-acceptor (D-A) low-bandgap copolymer systems due to the dramatically different optoelectronic properties of P3HT and D-A low-bandgap polymers. To surmount this problem, other polymer systems have been developed. Yang et al. [22] reported ternary PSCs with a parallel-like BHJ by using two groups of polymers as the donors: (1) poly(benzodithiophene-dithienylbenzotriazole) (TAZ) and poly(benzodithiophene-dithienylbenzothiadiazole) (DTBT), (2) poly(benzodithiophene-dithienyldifluorobenzothiadiazole) (DTffBT) and poly(benzodithiophene-dithienylthiadiazolopyridine) (DTPyT). In these ternary devices, free charge carriers travel through their corresponding donor-polymer-linked channels and fullerene-enriched domain to the electrodes, equivalent to a parallel-like connection (Fig. 1a) . The absorption spectra and external quantum efficiency (EQE) curves of the ternary devices based on TAZ/DTBT and DTffBT/DTPyT show extended absorption region relative to the "subcell" with wide-bandgap polymer (TAZ or DTffBT) and enhanced absorption intensity relative to the "subcell" with low-bandgap polymer (DTBT or DTPyT), respectively (Figs 1b and c) . The short-circuit current (J sc ) of the ternary solar cell is nearly identical to the sum of those of the individual "subcells", while the open-circuit voltage (V oc ) is between those of the "subcells". Nearly 30% enhancement in overall efficiency has been achieved in comparison with the binary single-junction devices. In the case of such a parallel-like connection, the two polymer donors with different band gaps can be employed at any composition, regardless of their highest occupied molecular orbital (HOMO) or lowest unoccupied molecular orbital (LUMO) levels. Although broadening the absorption bandwidth of PSCs by employing multiple absorber donors in the BHJ active layer is an attractive means of surmounting the narrow absorption of organic semiconductors, only limited success has been demonstrated. To find out the reason, Yang's group [23] fabricated several dual-donor and multi-donor BHJ PSCs based on a pool of materials with different absorption ranges and preferred molecular structures. The corresponding device performance was investigated. Their study shows that compatible polymer donors can coexist harmoniously, but the mixing of incompatible polymers can lead to severe molecular disorder and limit device performance. acceptor material. However, in the most widely used binary blend systems, the electron acceptor (PCBM) tends to aggregate into big clusters, which destroys the morphology of the active layer and reduces the PCE drastically [24, 25] . The added third component can be designed to achieve better morphology compared to the reference devices. The third component can restrain the aggregation of PCBM to achieve suitable phase separation via some special intermolecular interactions. For example, Campoy-Quiles et al. [26] reported that small amounts of amorphous regiorandom P3HT could be used to create a dilute matrix to reduce phase separations in regioregular P3HT (RR-P3HT):PCBM devices (see Fig. 2 ). A better morphology can be achieved via reduced micrometer-sized PCBM domains and RR-P3HT crystallite sizes.
In contrast to RR-P3HT, for D-A polymers without a very good crystallinity, the third component which can tune the morphology of polymer donors to form more ordered domains will be beneficial to increase the device performance. Wei's group [27] reported a ternary PSC with a D-A-type polymer containing benzo[1,2-b:4,5-b'] dithiophene and thieno [3,4-c] pyrrole-4,6-dione groups (named as PBDTTPD-HT) and a high-crystallinity small molecule (BDT-3T-CNCOO). For the binary systems, the crystalline domain size of BDT-3T-CNCOO is ca. 22.5 nm, while it is only 2.62 nm for PBDTTPD-HT. However, in the ternary systems, increasing weight ratios of BDT-3T-CNCOO strengthens the diffraction peaks, which indicates the crystallinities of donor materials are adjusted gradually. Therefore, adding small molecular donor with a high crystallinity into polymer-based active layer is a useful method for promoting the crystallization of the polymers as well as tuning crystalline domain sizes of donor materials (Fig. 3) .
Besides small molecules, polymers are also found to be able to improve the nanoscale film morphology. Yu's group [28] has successfully developed a ternary PSC system with improved efficiency by incorporating poly-3-oxothieno [3, 4- [6, 6] -phenyl C71 butyric acid methyl ester (PC 71 BM) host blend. A ternary blend solar cell containing 10 wt.% PID2 demonstrated the highest PCE at 8.22%. It was found that the use of PID2 at low contents led to favorable fibrillar structures and smaller domain sizes than the control device. These smaller domains would increase the area of the interfaces between polymer donors and fullerene acceptors, thus facilitating exciton dissociation and leading to improved device performance.
More efficient charge transfer and charge transport
Because the charge separation occurs at the donor/acceptor interface in BHJ PSCs, the offsets of the HOMOs and LUMOs of the donor and the acceptor should be suitable. Too small offsets can hardly provide enough driving force for efficient charge transfer [29, 30] , while too large offsets will lead to much unnecessary energy loss for exciton dissociation, resulting in a small V oc . The third component as a role of an electron/hole-cascade for more efficient charge transfer has been adopted in most of ternary blend PSCs. The cascade like energy levels (shown in Fig. 4 ) of ternary blend PSCs can facilitate charge transfer at the D/A interface owing to the bridging effect to reduce the energy loss [31, 32] . For example, Huang et al. [33] reported that by incorporating a small molecule donor 7,7'-{5,5'- [10,12- 
-diyl]bis(thiophene-5,2-diyl)}bis(9,9-dihexyl-N,Ndiphenyl-9H-fluoren-2-amine) (TQTFA) into PSCs based on P3HT:PC 71 BM, a cascade energy level structure can be formed, leading to a higher short-circuit current and open-circuit voltage.
In PSCs, after charge separation at the D/A interface, charge carriers are transported along their individual pathways and collected at the electrode [34] . Therefore, charge transport is very important for PSCs. One limitation for many PSCs is the low hole mobilities of polymer donors [35] , which prohibit the further improvement of the device performance. A reasonable approach to overcome this limitation is to introduce high-mobility materials as additives in the active layers. Bearing this strategy in mind, Liu et al. [36] investigated the influence of two high hole-mobility polymer additives on the device performance. One of the polymers contains alkyldiketopyrrolopyrrole and dithienylthieno [3, 2-b] thiophene units (DPP-DTT) and the other polymer is poly [2, 5- 
, both of which have hole mobilities (~10 cm 2 V −1 s −1 ) about four orders of magnitude higher than those of conventional PSCs [37, 38] . When adding 1 wt.% DPP-DTT to PTB7:PCBM based devices, significant improvement of PCE (8.33% ± 0.13%) can be achieved relative to the binary control device (PCE: 7.58%), which resulted from the increases in J sc and V oc . Similarly, when adding 0.5 wt.% PDVT-10 to PBDTTT-EFT:PC 71 BM based devices, the average PCE can also be enhanced from 8.75% to 10.08%. However, when adding DPP-DTT to the PB-DTTT-EFT:PC 71 BM based devices, PCE of the ternary devices decreases with increasing the DPP-DTT weight percentage because a cascade band structure is absent in this ternary system. The results show that to effectively increase the hole mobilities of the devices, the additive should have a similar HOMO level to that of the donor material. Even several tens of millivolts may lead to a completely different effect. In addition, the additive should form a cascade band structure in the PSCs to avoid the 
MAIN TYPES OF TERNARY BLEND PSCs
In this part, we focus our discussion on the recent development of ternary blend PSCs in the past few years. The main three types of ternary blend PSC include two donors/one acceptor, one polymer donor/two acceptors and polymer donor/bipolar compound/acceptor.
Two donors and one acceptor (D 1 -D 2 -A) system
Wide band gap and low band gap polymer donor materials are commonly chosen to broaden the absorption spectra for manufacturing ternary blend PSCs. Some representative light-absorbing polymers were summarized in Chart 1. Bo's group [39] developed a ternary blend system that contained two conjugated polymers HD-PDFC-DTBT (simply abbreviated as HD) and DT-PDPPTPT (simply abbreviated as DPP) with complementary absorption feature to expand the absorption profile of the active layer. More importantly, [42] demonstrated a high-performance ternary solar cell by using a well-established wide-bandgap polymer, PDBT-T1, as the additional donor, which shows complementary spectra with PTB7-Th. In addition, the polymer crystallinity in the blend can be improved through incorporation of the high-crystalline PDBT-T1 donor. As a result, a high PCE of 10.2% was obtained for ternary solar cells.
Conjugated polymers normally have a good compatibility with fullerene acceptors. However, the crystallinity of conjugated polymers is usually low, being insufficient to obtain optimal morphology. Therefore, ternary PSCs fabricated by using two miscible donors-one is a high-performance polymer and the other is a high-crystalline small molecule-may form alloy and increase the crystallinity simultaneously, which will potentially yield high efficiency ternary PSC. Wei's group [14] incorporated a high crystallinity small molecule 7, 7-(4, 2 ) into a host binary blend of PTB7-Th:PC 71 BM. Both the crystallinity and the face-on preferential orientation with respect to the substrate are enhanced when the small molecule is added, thus resulting in an average PCE of 10.5% by adding a 15% weight ratio of p-DTS(FBTTH2) 2 which is much higher than the binary system based on PTB7-Th:PC 71 BM (an average PCE of 9.2%). Similarly, Kan et al. [43] reported that a small molecular compound 5,5'-bis(3,5-di-tert-butyl-4-oxo-2,5-cycloexadien-1-ylidene)-5,5'-dihydro-2,2'-bithiophene (QBT) can serve as a nucleation agent to induce striking modifications in the P3HT lamellar stacking direction, forming both densely packed and loosely packed P3HT chains. An improvement in the charge transport properties is verified that links directly to the appearance of the densely packed rr-P3HT polymorph, when QBT loadings of 0.3-0.6 wt.% content are used.
As the short-circuit currents of the PTB7-based solar cell are still not excellent due to insufficient light absorption in the near-infrared region, Xiao et al. [44] utilized a zinc porphyrin derivative (DPPEZnP-O), which has a wide and strong absorption in the near-infrared region, to act as the third component in PSCs. Compared to the PTB7:PC 71 BM binary solar cells, which show a PCE of 7.47%, the ternary devices with 20 wt.% DPPEZnP-O incorporation exhibit an improved PCE of 8.39% with largely improved J sc .
Cha et al. [31] developed a naphthalene derivative polymer donor material, PBTADN, and the acceptor material, PC 71 BM, were blended with either of two different anthracene-based star-shaped conjugated small molecules, HBantHBT and BantHBT, which provided intermediate energy levels to produce a ternary cascade energy structure. The cascade structure effects of the star-shaped conjugated small molecules were examined in a P3HT:PC 61 BM blend system.
Although ternary blend PSCs based on two donors (wide-and low-bandgap polymers or one polymer donor and a small molecular donor) and fullerene derivatives have been demonstrated to achieve a higher PCE than the original binary ones, this concept has rarely been applied to enhance the efficiency of polymer/polymer BHJs (where the acceptor is a n-type polymer), because such ternary blend systems require not only complementary absorption bands but also sufficient free carrier generation and effective charge transport properties of both constituent binary blends. Benten et al. [45] reported high-performance ternary blend all-polymer solar cells with complementary absorption bands from visible to near-infrared wavelengths. By introducing poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT) as a second donor into the highly efficient low-bandgap PBDTTT-EF-T (also called as PTB7-Th)/ poly{[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (N2200) blend, they found that PCDTBT can contribute to efficient photocurrent generation in the ternary blends. When containing 10 wt.% PCDTBT, the ternary blend all-polymer BHJ solar cells show that the EQEs at visible wavelengths are successfully increased up to 65%-70%, and a PCE as high as 6.65% is obtained.
One polymer donor and two acceptors (D-A 1 -A 2 ) system
Differing from the aforementioned style of ternary PSCs, in this part we focus on the two acceptors system. Chemical structures of varied acceptors and common donors are shown in Chart 2. Ko et al. [46] reported a new approach to realize efficient ternary PSCs via the incorporation of both PC 61 Zhan's group [47] used indene-C60 bisadduct (ICBA) as an electron-cascade acceptor material in PTB7:PC 71 BM blend to fabricate ternary blend PSCs. Due to the higher LUMO energy level of ICBA relative to PC 71 BM, the open circuit voltage increases with the addition of ICBA. ICBA plays a bridging role between PTB7 and PC 71 BM, thus providing more routes for charge transfer at the donor/acceptor (D/A) interface. When the ICBA content is much smaller than the PC 71 BM content, the morphology of the ternary blend active layer is similar to that of the PTB7:PC 71 BM blend, which guarantees suitable phase separation and efficient charge transport. Ternary blend devices with 15% ICBA content exhibit an average PCE of 8.13%, higher than that (7.23%) of the PTB7:PC 71 BM binary blend. Kang et al. [32] used fullerene tris-adducts to fully exploit the merit of their high LUMO level. The compound OXCTA was used as a ternary acceptor in the model system of P3HT as the electron donor and fullerene monoadduct as the acceptor. They found that OXCTA can generate a synergistic bridging effect between P3HT and the fullerene monoadduct, leading to a simultaneous enhancement in both V oc and short-circuit current (J sc ).
One polymer donor, one acceptor and a bipolar component (D-A-B) system
Commonly, the third component in a ternary PSC is either a donor (p-type semiconductor) or an acceptor (n-type semiconductor). So only one kind of charge carrier it can prefer to transport. Recently, Chen's group [48] reported a new diketopyrrolopyrrole small molecule (F(DPP) 2 B 2 ) with bipolar charge-transporting property. When it is used as either an acceptor blended with P3HT or a donor blended with PCBM, the resulting organic solar cells demonstrate good PCEs over 3%, which shows that (F(DPP) 2 B 2 ) has a bipolar charge-transporting property. This compound shows intense absorption in the range of 550-700 nm which is complement well with that of P3HT and exhibits suitable HOMO and LUMO energy levels matching perfectly those of PCBM and P3HT to form a cascade structure. A best PCE of 3.92% is obtained in the ternary P3HT:F(DPP) 2 B 2 :PC 61 BM PSCs with a 5 wt.% F(DPP) 2 B 2 loading in acceptor, corresponding to about 23% improvement compared with that of 3.18% PCE for P3HT:PC 61 BM based cell [49] . The performance improvement of the ternary PSCs can be attributed to the simultaneous improvement of the light harvesting, exciton dissociation, and charge carrier transport by the introduction of the third bipolar component.
CHARACTERIZATION METHODS
As mentioned above, the third component in ternary PSCs may play versatile functions including complementary light harvesting, facilitating exciton dissociation, enhanced charge transport, and optimized morphology to improve the device performance. To distinguish which roles are dominant, various characterization methods are needed. In this part, we will briefly introduce these characterization methods reported in the literature.
Absorption and EQE characterization
The effect of the third component to extend the absorption of solar energy in ternary PSCs can be directly verified by the absorption spectrum measurement. In addition, this extended absorption can also be reflected in the EQE curves. Moreover, EQE measurements can be utilized to probe the D:A interfacial energetics through the charge-transfer state (an intermolecular state formed between the donor and acceptor) absorbance. The CT region of the EQE spectra can be fitted with Equation (1):
where E is the photon energy, k is the Boltzmann constant, f is a term that accounts for the internal quantum efficiency, number of CT states, and electronic coupling, E CT is an effective energy of the CT state, and λ is related to the width of the CT absorbance band which results from internal reorganization, environmental reorganization, and energetic disorder [50, 51] . A narrower CT band (a lower λ value) means a more specific and consistent arrangement between donor and acceptor, thus the energetic disorder is reduced, while a broader distribution of D:A arrangements would increase the energetic distribution of CT states and increase λ (Fig. 6 ) [52] .
Energy transfer characterization
The third component in ternary PSCs can act as either an "energy donor" or an "energy acceptor". When the third component only acts as the ''energy donor'' , all holes are generated in the dominating donor and the third component works just as a sunlight absorber. The additional absorbers can harvest more photons and transfer these extra photon energies to the other components. When the third component serves as an ''energy acceptor'' , it should make close contact with a donor or an acceptor to dissociate excitons generated in it. Photoluminescence (PL) spectrum is a convenient tool to probe energy transfer. For example, in the D 1 :D 2 :A ternary system, after introducing the third component (D 2 , which exhibits an NIR absorption and has a lower bandgap than D 1 ), energy transfer between D 1 and D 2 would manifest itself in two observations: an increased photoluminescence of D 2 , concomitant with a quenching of PL signal of D 1 in the visible spectroscopic range.
Charge transfer and separation characterization
The charge transfer in ternary blend films is a competing process compared with the energy transfer among the components. PL spectrum can also be utilized to monitor this mechanism. For example, in the PTB7:PID2:PC 71 BM ternary PSCs, the photoluminescence of PID2 was completely quenched while the photoluminescence of PTB7 remained almost the same in the PTB7:PID2 blends (both 0.9:0.1 and 0.7:0.3) (Fig. 7) . The results show that it is not the energy transfer between PID2 and PTB7 but the photoinduced electron transfer from PTB7 to PID2 (hole transfer from PID2 to PTB7) that exists in the blended film [28] .
Steady state photoinduced absorption (PIA) measurements can be also utilized to check whether or not charge transfer processes occur between the components in ternary PSCs. For example, in the P3HT:PCPDTBT:PCBM blended film, two different pump energies were used for the selective excitation of PCPDTBT and P3HT. PCPDTBT absorbs strongly at a pump energy of 1.59 eV, while the P3HT absorption at this wavelength is negligible. At 2.33 eV, both compounds absorb. As shown in Fig. 8 , excitation of a pristine PCPDTBT film at 2.33 eV generates a radical cation, whose absorption band peaks at 0.96 eV. Excitation of the P3HT:PCPDTBT (0.8:0.2) blend at the same energy (2.33 eV) increases the signal intensity (at 0.96 eV) by a factor of 6 to 8. This enhancement of the PCPDTBT polaron signal indicates photoinduced electron transfer from P3HT to PCPDTBT [21] .
The effect of the third component on the exciton dissociation process in ternary PSCs can be determined by the variation of saturation photocurrent density (J sat ) and charge dissociation probabilities P(E,T). P(E,T) is calculated by normalizing photocurrent density (J ph ) with J sat (J ph /J sat ) [53] . J ph = J L − J D , where J L and J D are the current densities under illumination and in the dark, respectively. A larger P(E,T) value indicates a more efficient charge dissociation in the PSCs. Fig. 9 shows a representative curve of J ph versus effective voltage (V eff ), where V eff = V o − V a , V o is the voltage at J ph = 0 and V a is the applied voltage. It is generally assumed that all the photogenerated excitons are dissociated into free charge carriers at high V eff , and J sat will only depend on the maximum exciton generation rate (G max ) by J sat = qLG max , where q is the elementary charge and L is the thickness of the active layer. A larger G max indicates more excitons are generated in the active layer. 
Charge transport and recombination
The charge transport in the active layer is commonly characterized by the space charge limited current (SCLC) method based on the J-V curves. The charge mobility (μ) can be calculated by using Equation (2):
where ε 0 is the vacuum permittivity, ε r is the relative dielectric constant of the organic film, V is the applied voltage, and L is the active layer thickness. To measure the charge mobility by SCLC method, electron-only or holeonly devices have to be fabricated based on the active layer. Such devices usually have a different configuration with the original PSCs to avoid the injection of the opposite charge carriers. Nevertheless, the electric-field dependent 'charge carrier extraction in a linearly increasing voltage' (CELIV) characteristics of PSCs can determine the charge mobility in devices with the same configuration [23] . The charge carrier mobility of the organic film with moderate conductivity can be estimated based on Equation ( 
where μ is the mobility, d is the thickness of the BHJ active layer, t max is the time when the extracted current reaches its maximum value, A is the slope of the extraction voltage ramp, j 0 is the dark capacitive current, and Δj is the transient current peak height (see Fig. 10 ).
The changes in charge recombination kinetics after introducing the third component in PSCs can be measured by monitoring J sc as a function of illumination intensity. Quantitatively, J sc follows a power-law dependence on light intensity (J sc µ P S light ). Weak bimolecular recombination in the device would result in a linear dependence of J sc on light intensity with the S value close to 1, while sublinear scaling of photocurrent with P light indicates partial loss of charge carriers during the charge transport process due to bimolecular recombination [28] .
Besides the relationship between J sc and P light , the light intensity dependence of V oc provides direct insight into the role of trap-assisted recombination versus second-order recombination under open-circuit conditions [56, 57] . In particular, the slope of V oc vs. ln(P light ) should equal kT/q in the case of second-order recombination. However, in the presence of additional trap-assisted recombination losses, a stronger dependency of V oc on the light intensity is typically observed. In this case, the slope of V oc vs. ln(P light ) is closer to 2kT/q [58] [59] [60] . So a smaller slope (close to 1) means the PSC does not suffer from trap-assisted bimolecular recombination.
In order to gain a deeper insight into the impact of the structural organization on the electronic properties of the ternary composite systems, transient photovoltage (TPV) measurements are usually employed to monitor recombination as a function of light intensity. In a TPV experiment, a device is photoexcited at open circuit with a short laser pulse and the resulting voltage transient decay is measured [61, 62] . The rate at which the voltage relaxes towards equilibrium conditions can be then used as a measure of charge carrier life time. This can give useful information on charge carrier recombination kinetics [43] .
To get more insight into the transport properties of the ternary blends, integrative mode time of flight (j-ToF) measurements can be employed. This technique has been proven to give valuable information on the charge carrier dynamics in BHJ solar cells [63, 64] . For example, Fig. 11a shows the j-ToF signals of the PCPDTBT:PCBM binary PSCs [21] . The saturation of the signal at time zero under high pump intensities indicates that charge carrier recombination is dominantly bimolecular. The absence of a plateau region in this curve (i.e., purely exponential decay of the extracted current) indicates that the recombination kinetics are of Langevin type [21] . In this case, the second order recombination constant β L of 2´10 -10 cm 3 s -1 is obtained by using Equation (4):
where μ is the sum of the mobilities of the charge carriers, e is the electronic charge, ε is the relative permittivity, and ε 0 is the vacuum permittivity. Fig. 11b shows that the bimolecular recombination kinetics of the non-annealed P3HT:PCPDTBT:PCBM ternary blend is of Langevin type. However, for the annealed ternary device, it shows a plateau which turns into an exponential decay at the charge extraction time t e . The presence of this plateau indicates nonLangevin bimolecular recombination kinetics, whose rate constant β NL is obtained from t e (as indicated in Fig. 11b ) and the extracted charge Q e using Equation (5) [65] :
where d L is the active layer thickness, j e is the extraction current density, and S is the electrode area. Thus, in the annealed ternary device β NL is calculated to be 3×10 −13 cm 3 s −1 , which is similar as the value (2×10 −13 cm 3 s −1 ) of annealed P3HT:PCBM binary PSC. Therefore, the j-ToF data indicate that hole transport in the ternary blends is dominantly supported by the P3HT phase.
Morphology characterization
Transmission electron microscopy (TEM) can be used to probe the morphology of the ternary blend. Sometimes, the introduction of the third component to the binary blends can induce the formation of fibrous features of polymers [28] or change the sizes of aggregates of small-molecular acceptors [26] , which can be distinguished in the TEM images. In addition, X-ray scattering techniques are helpful to understand changes in molecular packing, structure ordering and domain sizes in the devices. So in most cases the morphology of the ternary blend film is determined by grazing incidence wide-angle X-ray scattering (GIWAXS) and resonant soft X-ray scattering (RSoXS).
GIWAXS is a useful method to probe the molecular orientation and stacking in the active layer. By using this technique, whether face-on or edge-on orientation of the polymers exists in the film can be verified. Also, GIWAXS results can show that whether co-crystals are formed or not in the ternary blend film [40] . Besides the molecular ordering, another important morphological factor that will determine the photovoltaic performance is how these localized molecular crystals and aggregates form phase separated domains in the BHJ blend. RSoXS studies provide access to the spatial dimensions of phase-separated domains with statistical significance. For example, the RSoXS profile of the PTB7:PC 71 BM blend film shows a diffuse scattering at q ≈ 0.006 Å −1 , while that of the PID2:PC 71 BM blend film demonstrates a peak centered at a q value of ∼0.003 Å −1 . Thus, according to Scherrer equation [66] , the phase-separated domains in PID2:PC 71 BM blend film are larger than those in the PTB7:PC 71 BM film [14, 41] .
FUTURE OUTLOOK OF TERNARY BLEND PSCs
Using ternary architecture is a very effective strategy for overcoming the limitations of binary blend PSCs. Almost every aspect of binary PSCs could be improved in a ternary structure including light harvesting, exciton dissociation, charge transport, and morphology. These improvements can lead to simultaneously much enhanced PCE in many high-performance ternary systems. In addition, the potential of many wide-bandgap polymers with moderate performance could be re-evaluated in ternary blends. The simple structure ternary solar cells are much easier to fabricate than multilayer tandem cells, endowing their lower cost in potential applications.
However, challenges still exist in this research area. Gathering benefits from the different aspects mentioned above into one single system is still difficult. For instance, lowbandgap polymer donor with broad absorption and high hole mobility is ideal for the third component to extend the absorption spectrum, but it will decrease the V oc of ternary blend PSCs, simultaneously. Currently, the thickness of ternary active layers are commonly limited to the same as the corresponding binary system, so the incomplete light absorption in such thin films is still a problem in many ternary systems. Moreover, understanding clearly about the charge dynamics of ternary blend PSCs needs to be solved. Once these obstacles are overcome, the performance of ternary blend PSCs can be pushed to the next level. As a result, ternary solar cells provide a new avenue to develop high-performance OSCs with bright application prospects.
